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PhylogeographyAs the loggerhead turtle (Caretta caretta) is a philopatric species with a strong genetic structure, the analysis
of mtDNA can be used to track evolutionary and colonisation events. In this study we use a genetic approach
to understand the population structure of C. caretta in the Mediterranean Sea and to test whether logger-
heads could have colonised the Mediterranean during the Pleistocene and survived the cold phases in
warm refugia. We ampliﬁed a long mtDNA D-loop fragment (815 bp) from 168 dead hatchlings sampled
from a selection of rookeries in the Eastern Mediterranean: Libya, Israel, Lebanon, Cyprus and Greece. Previ-
ously published data from Turkey and Calabria (Southern Italy) were also included in the analyses. The pop-
ulation nesting in Libya emerged as the oldest population in the Mediterranean, dating from the Pleistocene
ca. 65,000 years ago (20,000–200,000). This reveals that the Libyan population might have settled in the
Mediterranean basin before the end of the last glacial period. The remaining nesting sites, except Calabria,
were subsequently colonised as the population expanded. The populations nesting in Eastern Turkey and
Western Greece settled ca. 30,000 years ago (10,000–100,000), whereas the remaining populations originat-
ed as a result of a more recent Holocenic expansion. As Calabria presented a unique Atlantic haplotype, found
nowhere else in the Mediterranean, we consider this nesting site as the result of an independent colonisation
event from the Atlantic and not the recent spread of Mediterranean populations. This reveals that the current
genetic structure of C. caretta rookeries in the Mediterranean would be the result of at least two colonisation
events from the Atlantic, the oldest one in Libya and a most recent in Calabria, combined with local extinc-
tions during Pleistocenic glaciations and re-colonisations from glacial refugia in Libya, Eastern Turkey and
Western Greece.1. Introduction
The Pleistocene extended from 2.5 mya to 12 kya and was
characterised bymultiple glacial–interglacial cycles that causeddramatic
changes in the distribution of organisms (Taberlet et al., 1998; Wilson
and Eigenmann Veraguth, 2010). As ice sheets spread during glacial
cycles, species often retreated towards the Equator although somey, Faculty of Biology, University
Tel.: +34 934035370.populations survived in areas that acted as refugia (Haffer, 1982).
Furthermore, a dryer climate and lower sea levels during glacial periods
caused dramatic changes in species distribution even in areas that were
not covered by ice (Hewitt, 1996;Maggs et al., 2008).When ice retreated
due to post-glacial temperature rises, species re-expanded their distribu-
tion polewards, occupying previously inhospitable areas (Hewitt, 2000).
These patterns are well established for terrestrial organisms, but the
response to Pleistocenic glacial–interglacial cycles is still unclear for
many marine species.
After the Messinian Salinity Crisis (5.33–5.59 mya), the Mediter-
ranean basin was colonised by subtropical biota of Atlantic origin
4(Pérès, 1985). During the following climatic ﬂuctuations, species
distributions were affected by changes in the sea level, water temper-
ature and salinity (Grant and Bowen, 1998). According to the fossil
records, the most thermophilic groups became extinct during the
ﬁrst cold period of the Pleistocene and waves of extinction and inva-
sion changed the composition of the Mediterranean biota in every
climatic phase (Pérès, 1985). Nevertheless, recent molecular evidence
has suggested that at least some of the subtropical species currently
found in the Mediterranean are not recent Holocenic invaders, but
have a pre-glacial origin and survived the glacial peaks in warmer
refugia within the Mediterranean (Almada et al., 2001; Domingues
et al., 2007; Wilson and Eigenmann Veraguth, 2010). Molecular data
indicate that the southern parts of the Mediterranean, being warmer
than northern areas during the Pleistocene (Thiede, 1978), acted as
refugia for sea grasses (e.g. Posidonia oceanica, Arnaud-Haond et al.,
2007; Cymodocea nodosa, Alberto et al., 2008) and that the Ionian
and Aegean Sea, acted in the same way for some ﬁsh species (Bahri-
Sfar et al., 2000; Magoulas et al., 1996).
Marine turtles have tropical afﬁnities and females are highly
philopatric, returning to speciﬁc geographical locations to nest (Carr
and Ogren, 1960; FitzSimmons et al., 1997; Meylan et al., 1990).
This results in strong genetic structuring when mtDNA is considered
(Bowen and Karl, 2007; Lee, 2008), allowing evolutionary and coloni-
sation events to be traced (Garofalo et al., 2009). The loggerhead tur-
tle (Caretta caretta L.) is the least thermophilic cheloniid and regularly
nests in subtropical and warm temperate regions where sand tem-
perature is higher than 24 °C for a sufﬁciently long period of time
(Miller et al., 2003). Paleoclimatic reconstructions of sea surface
temperatures indicate that loggerhead turtles could not use the
Western Mediterranean even as a foraging ground due to low sea
surface temperatures during the last glacial peak (summer surface
temperatureb17 °C; Thiede, 1978). Only the Eastern Mediterranean
was warm enough to allow turtle nesting, as summer sea surface
temperatures were usually higher than 22 °C (Thiede, 1978); the
minimum threshold for loggerhead turtle nesting (Miller et al.,
2003). Thus, in the case that C. caretta had already colonised the Med-
iterranean prior to glaciation events, these Eastern regions could have
acted as refugia for loggerhead turtles through the cold phases of the
Pleistocene. Nevertheless, Bowen et al. (1993a) proposed a recent
Holocenic origin for loggerhead turtles currently nesting in the Med-
iterranean. However, their conclusion was based on the analysis of
just one nesting ground from the Ionian Sea (Bay of Kyparissia), the
only rookery sampled at that time. New genetic data on the Mediter-
ranean populations have come to light since (Carreras et al., 2007;
Chaieb et al., 2010; Encalada et al., 1998; Garofalo et al., 2009;
Laurent et al., 1998; Saied et al., 2012; Yilmaz et al., 2011).
To track the colonisation history of the Mediterranean by logger-
head turtles and to test the possible existence of warm refugia during
the cold phases we have analysed mtDNA sequences from multiple
nesting grounds in the Eastern Mediterranean, including previously
poorly sampled locations.
2. Material and methods
2.1. Sample collection
Samples of skin and/or muscle were taken from 168 dead hatch-
lings and embryos from unhatched eggs during post-hatch nest exca-
vations of nesting grounds in the Mediterranean Sea between 2003
and 2006 (Fig. 1, Table 1). These included Libya (west of Sirte), Israel
(scattered sites along the whole coastline), Lebanon (El Mansouri),
Cyprus (Alagadi and Akamas) and Greece, with samples fromWestern
Greece (Zakynthos and Lakonikos Bay) and Crete (Rethymno). Sam-
ples were stored in 95% ethanol and samples from Greece, Israel and
Lebanon previously analysed by Carreras et al. (2007) were also
used for this study. Independency among samples can be assumedbecause sampling included protocols to avoid pseudoreplication.
These included female tagging and samples taken from clutches laid
within a 15-day window to avoid hatchlings from the same individual
turtle, as females rarely nest at intervals shorter than this period
(Dutton, 1995). However, the new samples from Lebanon were col-
lected in different years from those from Carreras et al. (2007) and
hence, additional pseudoreplication tests were undertaken to ensure
independency between samples. Pseudoreplication was assessed by
amplifying the new samples with seven microsatellite loci (Carreras
et al., 2007) and comparing them with the Lebanon samples in
Carreras et al. (2007). A pairwise relatedness analysis implemented in
GenAlEx v6.4 (Peakall and Smouse, 2006) was used for the comparison.
2.2. DNA extraction and ampliﬁcation
DNAwas extracted with the QIAamp extraction kit (QIAGEN®) and
an 815 bp fragment of the mtDNA control region was ampliﬁed by
polymerase chain reaction (PCR) using the primer pair LCM15382
(5′-GCTTAACCCTAAAGCATTGG-3′) and H950 (5′-GTCTCGGATTTAGGG
GTTT-3′) (Abreu-Grobois et al., 2006). The analysis of longer sequences
has been proven to improve the genetic resolution in C. caretta
populations (Monzón-Argüello et al., 2010; Saied et al., 2012). The
resulting fragment contains the 380 bp fragment traditionally used for
population studies on this species (Carreras et al., 2006; Encalada et
al., 1998; Norman et al., 1994). PCR cycling parameters were 94 °C for
5 min followed by 35 cycles at 94 °C for 1 min, 52 °C for 1 min, and
72 °C for 90 s, and a ﬁnal extension period of 72 °C for 10 min.
Resulting products were puriﬁed by enzymatic reaction (ExoSAP) and
sequencing reactions undertaken with ﬂuorescent dye terminators
(BigDye v3.1®). All samples were sequenced in both forward and
reverse directions on an ABI 3730 automated DNA Analyser (Applied
Biosystems®) to conﬁrm variable sites on both strands of DNA.
2.3. Data analysis
Alignment was conducted using BioEdit v5.0.9 (Hall, 1999) and
sequences were compared to short and long haplotypes previously
described for this species and compiled by the Archie Carr Center
for Sea Turtle Research of the University of Florida (ACCSTR; http://
accstr.uﬂ.edu). New haplotypes identiﬁed were named following
ACCSTR standardised nomenclature and submitted to GenBank (Ac-
cession nos. JF837821–JF837824).
To understand the genetic relationships between the sampled
rookeries, pairwise genetic distances (γst) were calculated by the
DnaSP v5 software package (Librado and Rozas, 2009). The signiﬁ-
cance of genetic differentiation among these regions was assessed
using Hudson's nearest neighbour statistics (SNN) with 1000 permu-
tations in DnaSP. Published long sequence data from Southern Italy
(Calabria; Garofalo et al., 2009) and Turkey (Yilmaz et al., 2011,
which includes Turkish samples from Carreras et al., 2007) were
also used in the analyses. Five nesting groups were considered in
Turkey as suggested by the authors' conclusions (Yilmaz et al., 2011):
Dalyan, Dalaman, Western Turkey (Fethiye, Patara, Kale, Kumluca
and Çirali), middle Turkey (Gazipaşa, Kizilot, Tekirova and Belek) and
Eastern Turkey (Anamur, Göksu Deltasi, Alata, Kazanli, Akyatan,
Ağyatan and Samandağ). Recently published data from Libya (Saied
et al., 2012) were not added to our dataset to avoid pseudoreplication
as samples from both datasets were collected from the same location
(Sirte) within a three year window. However, genetic differentiation
analyses were undertaken with both datasets separately to look for
possible differences. Following Narum (2006), modiﬁed false discovery
rate (FDR) was used to evaluate statistical signiﬁcance instead of the
sequential Bonferroni correctionwhen analysingmultiple comparisons.
Haplotype diversity (h; Nei, 1987) and nucleotide diversity (π; Nei,
1987) were estimated using ARLEQUIN v3.1 (Excofﬁer et al., 2005)
and Fu's Fs values for each nesting region were calculated with DnaSP.
Fig. 1. Sampled nesting areas of loggerhead turtles in the Mediterranean Sea. Nesting areas: Libya (LIB), Israel (ISR), Lebanon (LEB), Cyprus (CYP), Eastern Turkey (ETU), middle
Turkey (MTU), Western Turkey (WTU), Dalaman (DLM), Dalyan (DLY), Crete (CRE), Western Greece (WGR: Zakynthos and Lakonikos Bay), Calabria (CAL). Data for Calabria and
Turkey are from Garofalo et al. (2009) and Yilmaz et al. (2011), respectively. Grey squares feature the average values of nests per season derived from monitoring projects and
white squares are estimates (adapted from Casale and Margaritoulis, 2010; Margaritoulis et al., 2003). Dashed lines represent the location of the three strongest genetic breaks
revealed by BARRIER. The lowest number indentiﬁes the strongest barrier.Fs detects deviation from neutrality and tends to be negative under an
excess of recentmutations (Fu, 1997),which can result frompopulation
expansion. A partial correlation test between nucleotide diversity,mean
width of the continental shelf (calculated with the ArcGIS software;
ESRI, 2011) and the sea surface palaeotemperature (Thiede, 1978) in
each nesting area was also carried out with SPSS v15 (SPSS Inc.,
2006). The test was used to relate genetic diversities with environmen-
tal factors that could have affected nesting patterns. When necessary,
variables were log-transformed or arcsine-transformed to satisfy the
normality criterion (Zar, 1984).
Genetic structuring on a geographical scale was analysed with a
Mantel test using genepop v 4.1 (Rousset, 2008). This analysis was
conducted with minimum linear (Lat/Long positions) and coastal
distances (following the coastline) between locations, calculated
using the ArcGIS software (ESRI, 2011). Subsequently, based on a
γst distance matrix, BARRIER v 2.2 (Manni et al., 2004) was used to
assess the relative order of importance of genetic breaks that could
limit gene ﬂow between populations. Previous studies based on
mtDNA and microsatellite markers suggested that four is the most
likely number of populations present in the Eastern Mediterranean
(Carreras et al., 2007), which would imply the existence of three
putative barriers. In consequence, we chose a priori to show four bar-
riers since we used additional populations. In order to assess the pro-
portion of genetic variation that explained the differences among
nesting grounds, an analysis of molecular variance (AMOVA) was
undertaken with ARLEQUIN considering the four groups identiﬁed
by the three strongest barriers.
To graphically relate pairwise genetic distances (γst) between areas,
a Principal Coordinate Analysis (PCA) was performed with GenAlEx
v6.4 (Peakall and Smouse, 2006). Relationships between haplotypes
were obtained by the calculation of a haplotype network with the
network v4.5.1.6 software (Bandelt et al., 1999) using a Median Joining
method. Less likely eventswereweighted differently from likely events,
changing deletion (double weight) and transversion weights (3×)
according to user guidelines.Finally, a molecular clock was applied to date the different coloni-
sation events, using two different approaches. In the ﬁrst one, the
substitution rate for the 815 bp mtDNA fragment was calibrated
assuming that the divergence between the two major branches of
the Atlantic/Mediterranean haplotype tree occurred as a consequence
of the rise of the Isthmus of Panama (Bowen, 2003). The Isthmus
started rising 15 mya and did not become a complete marine barrier
until ca. 3 mya (Lessios, 2008). Consequently, we rooted our molecu-
lar clock at 3 mya for conservative purposes. The substitution rate was
obtained following the methodology previously used for testudines by
Avise et al. (1992) considering the 39 ﬁxedmutations existing between
the closest related haplotypes (CC-A1.6 and CC-A31.1) of the twomajor
branches of the Atlantic/Mediterranean haplotype tree resulting in a
substitution rate of ~0.8%My−1. However, it has been recently pointed
out that the molecular evolutionary rate of mitochondrial DNA may be
time-dependent (Crandall et al., 2012; Ho et al., 2011; Karl et al.,
2012). Consequently, the substitution rate likely overestimates diver-
gence times (Crandall et al., 2012), as calibration was done with an
old event (3 mya). No recent calibration points or well-known pedi-
grees exist to estimate accurate divergence rates for this species. Thus,
a second, more conservative approach using the mutation rate to date
haplotype coalescence times was used following Emerson (2007). The
mutation rate has been described to be 3–10 times faster than the sub-
stitution rate in other species (Howell et al., 2003; Lambert et al., 2002).
In addition, the mean rate of change for mtDNA genes in three marine
invertebrate species calibrated with radiometric dates for sea-level
rise yielded values 3 times faster than those estimated from fossils
and vicariant events (Crandall et al., 2012). Thus, we estimated the
divergence time between haplotypes of C. caretta using a mutation
rate three times faster than the substitution rate and obtained lower
and upper estimates by also dating coalescence times using the substi-
tution rate and a mutation rate ten times faster than the substitution
rate. A Bayesian relaxed-clock model was subsequently applied as
implemented in beast v1.6.2 (Drummond and Rambaut, 2007). Four
unique Atlantic haplotypes (CC-A1.1, CC-A1.3, CC-A1.4 and CC-A1.6),
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).were chosen as outgroups to root our Mediterranean haplotype
tree. Markov-Chain Monte Carlo (MCMC) simulations were run for
10,000,000 generations, with the ﬁrst 10% discarded as burn-in.
3. Results
A total of 17 haplotypes were found among the analysed Mediter-
ranean rookeries (Table 1). In Lebanon, the comparison of the micro-
satellite genotypes (data not shown) of the new and old samples
from Carreras et al. (2007) indicated that pseudoreplication did
not occur in this population (mean LRM=−0.062±0.110). Thus,
all samples from Lebanon rookeries were pooled for further analyses.
Most long haplotypes found in the current study were concurrent
with the short ones previously described for the Mediterranean Sea
(Carreras et al., 2007; Encalada et al., 1998; Laurent et al., 1998),
as the new fragments include the old 380 bp fragments (Abreu-
Grobois et al., 2006). However, some haplotypes identiﬁed with the
380 bp sequence were split into additional haplotypes, due to further
polymorphism in the additional fragment of the longer sequences
(e.g. Table 1; CC-A2 split into CC-A2.1, CC-A2.8, CC-A2.9). Three
new haplotypes were described because of an increase in sequence
length that could be directly related to the 380 bp haplotypes:
CC-A29.1 in Israel, CC-A32.1 in Zakynthos and CC-A50.1 in Cyprus
(Table 1; GenBank accession nos. JF837821–JF837823). Furthermore,
a new haplotype, not previously described for either long or short se-
quences, was found in Libya (CC-A65.1; GenBank accession no.
JF837824); an unsampled or low sampled region in previous studies
with short sequences (Carreras et al., 2007; Encalada et al., 1998;
Laurent et al., 1993, 1998; but see Saied et al., 2012).
CC-A2.1 was the most frequent haplotype in the dataset (77.33%),
followed by CC-A3.1 (12.50%). Of the remaining haplotypes, 13 were
unique to a speciﬁc nesting beach and two were shared between
Mediterranean nesting sites, although they did not occur at high
frequencies. The haplotype network showed a divergent sub-group
with two unique haplotypes in Libya (CC-A26.1 and CC-A65.1) and
one haplotype also shared with Israel (CC-A2.9) (Fig. 2). Eastern
Turkey also presented a sub-group with unique related haplotypes
(CC-A3.2 and CC-A52.1). However, Eastern Turkey's unique haplo-
types had fewer mutation changes from the ancestral haplotype
(CC-A2.1) than haplotypes from Libya. An ambiguity in the haplo-
type tree was found (am, Fig. 2) between CC-A3.1 and the unshared
haplotypes from Western Greece (CC-A6.1 and CC-A32.1). It was re-
solved as indicated by Carreras et al. (2007) for short fragments based on
geographical location similarities, as CC-A32.1 is only present inWestern
Greece and CC-A3.1 has not been found on these rookeries. On the other
hand, CC-A32.1 and CC-A6.1 share a gap but differ by a transition whilst
CC-A32.1 and CC-A3.1 differ by that gap but share the transition. Thus,
the most parsimonious explanation to this ambiguity is that the transi-
tion independently arose twice, as previously suggested (Carreras et al.,
2007).
Haplotype (h=0.04–0.70) andnucleotide (π=0.000–0.002) diver-
sities were highly variable (Table 2) due to the high number of haplo-
types present in Eastern Turkey, Western Greece, Libya and Calabria in
comparison to Cyprus, where very low variability was detected. Signif-
icant pairwise genetic differences were found in the majority of com-
parisons including Libya, Calabria and Dalaman (Table 3), thus
revealing genetic structure within the basin (Global γst=0.262,
Pb0.001). Global γst values of all the Mediterranean rookeries did not
differ when changing our dataset from Libya with the data from Saied
et al. (2012) (Global γst=0.264, Pb0.001). Furthermore, the two sets
from Libya did not differ statistically (γst=0.001, P=0.215) despite
some unshared haplotypes. Thus, both datasets agree in identifying
Libya as the most diverse nesting area in the Mediterranean (Table 2).
Due to the lack of statistically signiﬁcant divergence between
Lakonikos and Zakynthos (γst=0.027, P=0.99) they were considered
as subsamples of the same population, pooled for further analyses and
Fig. 2. Unrooted parsimony haplotype network of mtDNA for Caretta caretta in the Mediterranean Sea. Connecting lines represent single mutational changes between haplotypes
with a probability higher than 95%. Unsampled intermediate haplotypes are indicated by dots and pie graphs represented to scale reﬂecting haplotype frequencies. am Ambiguity
resolved in text.referred to asWestern Greece (WGR). This grouping was supported by
the presence of the unique CC-A6.1 haplotype in both nesting areas and
the evidence of female exchanges between AegeanGreece and the Ioni-
an islands found in previous tagging studies (Margaritoulis, 1998) and
microsatellite analyses (Carreras et al., 2007).
The global Fu's Fs test (Fs=−15.459, Pb0.01) was signiﬁcant, indi-
cating deviation from neutrality and a possible recent population ex-
pansion in this area, although for each location separately only Eastern
Turkey presented a signiﬁcantly negative Fu's Fs value (Fs=−4.119,
Pb0.01; Table 2). The arcsine-transformed nucleotide diversity esti-
mates were strongly correlated (partial correlation r=0.847, P=
0.002) with the log-transformed mean width of the continental shelf
and the sea surface temperature values during the last glacial period.
Geographic and genetic distances were uncorrelated both when
using Lat/Long positions (Mantel test, P=0.160) and minimum
coastal distances (Mantel test, P=0.165). BARRIER indicated that
the strongest genetic barrier detected by the Monmonier's maximum
difference algorithm (Fig. 1) was found between Dalaman and DalyanTable 2
Haplotype and nucleotide diversities including standard deviations (±), results of Fu's
Fs test and sample sizes per sampling location. The latitude (Lat.) and longitude (Long.)
positions refer to a central point per nesting area, not to the speciﬁc position of the
beach sampled, as samples came from wide areas pooled under one single location.
Population abbreviations as in Table 1. Western Greece (WGR) groups individuals
from LAK and ZAK.
Haplotype
diversity
Nucleotide
diversity
Fu's Fs n Lat. Long.
LIB 0.704±0.054 0.0017±0.0012 −0.909 27 30°59′19″N 17°34′50″E
ISR 0.374±0.130 0.0005±0.0005 −0.671 19 32°02′37″N 34°44′45″E
LEB 0.199±0.112 0.0002±0.0004 −0.055 19 33°16′32″N 35°11′33″E
CYP 0.044±0.042 0.0001±0.0002 −1.548 45 35°04′09″N 33°19′33″E
ETU 0.297±0.067 0.0004±0.0005 −4.119 72 36°45′50″N 34°52′37″E
MTU 0.082±0.054 0.0001±0.0002 −2.976 48 36°42′24″N 31°34′16″E
WTU 0.337±0.054 0.0004±0.0005 1.338 76 36°12′31″N 29°34′17″E
DLM 0.395±0.101 0.0005±0.005 0.976 20 36°41′51″N 28°45′33″E
DLY 0.481±0.042 0.0006±0.0006 1.728 40 36°47′28″N 28°37′16″E
CRE 0.337±0.110 0.0004±0.0005 0.721 20 35°21′51″N 24°27′29″E
WGR 0.198±0.083 0.0003±0.0004 −1.407 38 35°59′00″N 21°39′15″E
CAL 0.541±0.049 0.0007±0.0007 0.522 38 37°55′06″N 15°58′45″E
In bold signiﬁcant values (Fu's Fs, Pb0.01).and the remaining populations (Barrier 1, γst=0.582). The second
barrier separated Libya (Barrier 2, γst=0.227) and the third, Calabria
from the rest (Barrier 3, γst=0.184). The fourth was found between
Dalaman and Dalyan (Barrier 4, γst=0.125). The four groups (Libya,
Dalaman and Dalyan, Calabria and the rest of the populations) identi-
ﬁed by the three strongest barriers (Fig. 1) were subsequently used
for the AMOVA analysis (Table 4). Under this analysis, the highest
percentage of variation was found within populations (66.57%) al-
though the percentage of variation between groups was also signiﬁcant
and high (28.68%). PCA based on genetic distances (γst) between loca-
tions (Table 3) identiﬁed Dalaman, Dalyan, Libya and Calabria as highly
distinct rookeries, with too small an amount of differentiation among
the remaining rookeries to be classiﬁed as separate units (Fig. 3).
Finally, based on the haplotype network and the number of muta-
tions between haplotypes, a molecular clock was applied to date
haplotype divergences. Dates were estimated with a mutation rate
three times faster than the substitution rate. We used the inferred
substitution rate calculated for this species (~0.8%My−1) as a lower
bound and a mutation rate 10 times faster than the substitution rate
as an upper bound. Haplotype CC-A65.1 (exclusive to Libya), with four
changes from the ancestral CC-A2.1, revealed Libya as the oldest popu-
lation while haplotypes CC-A32.1 (exclusive to Western Greece) and
CC-A3.2 and CC-A52.1 (exclusive to Eastern Turkey), with two changes
from the Atlantic ancestor, suggested that these areas would have been
more recent. Thus, Libya could have been colonised ca. 65,000 years
ago (20,000–200,000) and Western Greece and Eastern Turkey ca.
30,000 years ago (10,000–100,000). The remaining populations origi-
nated as a result of a more recent, Holocenic expansion. All results
were supported by the relaxed-clock model tree implemented in
beast (Fig. 4), with haplotypes unique to Libya, Eastern Turkey and
Western Greece diverging before the rest, thus revealing these as the
oldest populations of the Mediterranean.
4. Discussion
The study of molecular genetic differentiation between populations
of endangered species has been described as a powerful tool for conser-
vation planning (Crandall et al., 2000; Moritz, 1994). However, the
markers selected and the length of the DNA sequences analysed can
Table 3
Pairwise genetic distances between Mediterranean nesting populations (γst) (below diagonal) and SNN signiﬁcance (P) values (above diagonal).
LIB ISR LEB CYP ETU MTU WTU DLM DLY CRE WGR CAL
LIB – 0.001 ~0.000 ~0.000 ~0.000 ~0.000 ~0.000 ~0.000 ~0.000 ~0.000 ~0.000 ~0.000
ISR 0.108 – 0.083 ~0.000 0.001 0.006 ~0.000 ~0.000 ~0.000 0.024 0.011 ~0.000
LEB 0.160 0.056 – 0.087 0.913 0.061 0.329 ~0.000 0.033 0.046 0.538 ~0.000
CYP 0.243 0.062 0.053 – 0.006 0.873 ~0.000 ~0.000 ~0.000 0.007 0.718 ~0.000
ETU 0.160 0.038 0.002 0.040 – 0.039 0.189 ~0.000 0.003 0.001 0.136 0.001
MTU 0.235 0.054 0.042 0.011 0.039 – ~0.000 ~0.000 ~0.000 0.003 0.690 ~0.000
WTU 0.166 0.059 0.012 0.085 0.009 0.084 – ~0.000 0.075 ~0.000 0.007 ~0.000
DLM 0.318 0.437 0.422 0.622 0.264 0.582 0.220 – ~0.000 ~0.000 ~0.000 ~0.000
DLY 0.187 0.139 0.077 0.224 0.062 0.214 0.031 0.125 – ~0.000 ~0.000 ~0.000
CRE 0.178 0.082 0.091 0.118 0.056 0.101 0.078 0.464 0.161 – 0.010 ~0.000
WGR 0.227 0.060 0.028 0.012 0.024 0.011 0.059 0.592 0.186 0.113 – ~0.000
CAL 0.211 0.124 0.131 0.196 0.145 0.189 0.165 0.388 0.213 0.144 0.184 –
Bold values were signiﬁcant after FDR correction for a threshold of α=0.05 (SNN, Pb0.0105).signiﬁcantly alter the results (Monzón-Argüello et al., 2010; this
study). For loggerhead turtles, the existence of genetic structure
within the Mediterranean was previously detected with short se-
quences (380 bp) of the mtDNA control region (Carreras et al.,
2007; Chaieb et al., 2010; Encalada et al., 1998; Laurent et al.,
1998). Nonetheless, the higher nucleotide diversity present in the
longer mtDNA fragment (815 bp), along with the analysis of individ-
uals from previously poorly sampled populations, allowed us to
unveil a deeper structuring within the Mediterranean Sea.
4.1. Genetic structuring
The use of longer sequences allowed the splitting of the short CC-A2
and CC-A3 haplotypes into long haplotypes (CC-A2.1, CC-A2.8, CC-A2.9
and CC-A3.1 and CC-A3.2), which in turn revealed further structur-
ing within Crete and Israel (CC-A2.8, CC-A2.9) and Eastern Turkey
(CC-A3.2). Furthermore, the inclusion of Calabria (Garofalo et al.,
2009) and Libya in the analyses revealed high levels of structuring pre-
viously undescribed (Bowen et al., 1993a; Carreras et al., 2007), as these
two regions emerged as the most genetically diverse. This is because of
the presence of two unique haplotypes in each of the two regions
(CC-A26.1 and CC-A65.1 in Libya, and CC-A20.1 and CC-A31.1 in Cala-
bria) and also because of a higher degree of divergence between these
haplotypes and the other Mediterranean haplotypes. However, even
though Libya and Calabria were found to be the rookeries with
the highest diversity indexes, PCA and BARRIER analyses identiﬁed
Dalaman and Dalyan as a higher differentiated unit. This is because of
the high occurrence of CC-A3.1 in these two regions and in particular
in Dalaman, where the proportion of CC-A3.1 was even higher than
that of CC-A2.1 (Yilmaz et al., 2011), something not observed in any
other rookery of the basin. The nesting area of Eastern Turkey hosted
three unique haplotypes (CC-A3.2, CC-A43.1 and CC-A52.1) and one
only shared with middle Turkey (CC-A53.1). Nonetheless, their fre-
quencies were remarkably low and thus Eastern Turkey did not emerge
as a major genetic unit. Cyprus was conﬁrmed as a region with low
genetic variability despite the large increase in sample size in relation
to previous studies (Carreras et al., 2007; Encalada et al., 1998). However,
could be slightly differentiated from most of the other nesting areas by
the overwhelming dominance of the CC-A2.1 haplotype. In conclusion,
we identify four major clusters of nesting grounds: Libya, Dalaman andTable 4
Analysis of molecular variance (AMOVA) for four Mediterranean genetic groups (Libya,
Dalaman and Dalyan, Calabria and the rest of the sampled Mediterranean rookeries)
based on the main three breaks inferred by BARRIER.
Source of variation d.f. Percentage of variation F-statistic P
Among groups 3 28.68 FCT: 0.28681 b0.005
Among populations
within groups
8 4.74 FSC: 0.06653 ~0.000
Within populations 450 66.57 FST: 0.33426 ~0.000Dalyan, Calabria and the rest of the Eastern Mediterranean, although
some genetic differentiation exists within the latter cluster (Table 3).
4.2. Evolutionary history
The short (380 bp) haplotypes CC-A2, CC-A3 and CC-A20 are shared
by Mediterranean and Atlantic rookeries (Bowen et al., 2004; Carreras
et al., 2007; Garofalo et al., 2009; Monzón-Argüello et al., 2010;
Shamblin et al., 2011), indicating that this could have probably been
the minimal ancestral haplotypic composition of the stock of logger-
head turtles that colonised the Mediterranean from the Northern
Atlantic. Nevertheless, Carreras et al. (2007) also suggested an alterna-
tive hypothesis in which the origin of CC-A3 in theMediterranean could
have been independent from the Atlantic, in a clear case of homoplasy.
Only a future long sequence screening of the variants of the CC-A3 and
CC-A20 short haplotypes present in the Atlantic nesting beaches will
clarify which hypothesis is correct. Nevertheless, at least two different
CC-A3 variants have already been detected in the Mediterranean
(Table 1 from Yilmaz et al., 2011).
Regarding the species history within the Mediterranean Sea, the
analysis of individuals from previously poorly sampled nesting grounds
(Libya, Turkey) revealed an earlier colonisation of the basin than previ-
ously suggested (Bowen et al., 1993a). This dating relies not only on the
new haplotypes found in these nesting grounds, but also on the diver-
gence rates applied. The substitution rate estimated (~0.8%My−1) is
higher than previously published estimates for other testudines (0.2
to 0.4%, Avise et al., 1992; Bowen et al., 1993b) probably due to the
use of different markers and the length of the sequences analysed.
Bowen et al. (1993b) analysed the cytochrome b region,which presents
a lower substitution rate than the control region of the mtDNA (Dutton
et al., 1996). Furthermore, differences in nucleotide diversity along the
control region can alter the estimates depending on the length and
region sequenced (Monzón-Argüello et al., 2010). As a consequence,
the long sequences of the control region presented here had higher
nucleotide diversity than the shorter fragments and thus, the substitu-
tion rate estimated in the present study is higher. Nevertheless, this
makes our estimates of the substitution rate among Mediterranean
haplotypes more conservative and thus, the older coalescence times
inferred are solely due to the presence of previously unsampled haplo-
types from Libya and Turkey. The time estimates changed when using
mutation rates 3 and 10 times higher than the phylogeographically cal-
ibrated substitution rate (Crandall et al., 2012; Emerson, 2007). The
presence of four mutations in a Libyan haplotype (CC A65.1) from its
Atlantic ancestor haplotype (likely to be CC-A2.1) places the oldest
colonisation of the Mediterranean as a pre-Holocenic event occurring
ca. 65,000 years ago (20,000–200,000). Thus, regardless of the molecu-
lar rate used, C. caretta seems to have been present in the Mediterra-
nean before the end of the last glacial period (~18,000 years ago;
Thunell, 1979). According to this 3× molecular rate, turtles could have
survived several cold periods in the Mediterranean (Cacho et al.,
Fig. 4. Haplotype tree adapted from the Bayesian relaxed-clock model results inferred
by beast. Time bars show different estimated dates (kya) for haplotype coalescence
under a substitution rate of ~0.8%My−1 (left) and mutation rates 3 and 10 times faster
(centre and right, respectively) following Emerson (2007).
Fig. 3. Principal Coordinate Analysis for pairwise genetic distances (γst) between
nesting colonies in the Mediterranean. First two Principal Coordinates (PC1 and PC2)
and the percentage of variation explained by the 2 axes included.2000). The nesting grounds inWestern Greece also present a haplotype
(CC-A32.1) that is separated from its Atlantic ancestor by two changes,
indicating that the population in that area has been stable for a long
period of time. The presence of this haplotype dates the colonisation
of Western Greece at ca. 30,000 years ago (10,000–100,000). This
might also be true for Eastern Turkey, as haplotypes CC-A3.2 and
CC-A52.1 are also separated by two mutations from the Atlantic ances-
tor, if it is CC-A2.1, or by onemutation if CC-A3.1 was already present in
the colonisers. In the latter, the colonisation of Eastern Turkeywould be
more recent, 15,000 years ago (5000–50,000), but discriminating be-
tween these two scenarios is dependent of future long sequences anal-
yses of individuals from the Western Atlantic rookeries. The possible
pre-Holocenic colonisation was not suggested by Bowen et al. (1993a)
because they only considered palaeoclimatic evidence for a more
restricted genetic sampling area. Thus, the presence of cold tempera-
tures off Greece 18–12 kya, which could not have allowed nesting suc-
cess on its beaches, brought Bowen et al. (1993a) to hypothesise amuch
more recent colonisation. However, the analysis of genetic markers
locates this origin earlier than previously thought, suggesting that
loggerhead turtles colonised the Mediterranean ca. 65,000 years ago
(20,000–200,000) and that might have survived glacial periods by
nesting at least in Libya and perhaps inWesternGreece and Eastern Tur-
key aswell. Thus, theﬁrst colonisation eventwould have happened dur-
ing the upper Pleistocene and hence before the last glacial maximum.
The star-like shape of the haplotype network is a strong indication
of recent expansions such as those related to post-glacial colonisation
events (Kaiser et al., 2010; Maggs et al., 2008). This is corroborated by
the global Fu's Fs although signal of expansion was only found signif-
icant for Eastern Turkey. Furthermore, as geographic and genetic
distances were uncorrelated both when using Lat/Long positions
and minimum coastal distances, we can discard isolation by distance
as an explanation for the overall differentiation pattern. The higher
diversity and haplotype divergences found in Libya (Saied et al.,
2012; this study), and to a lesser extent in Western Greece and
Eastern Turkey, suggest that these three areas could have acted as
refugia during cold events maintaining stable population sizes with
mild or null bottlenecks. The glacial phase that affected the area
from ca. 120 to 20 kya (Woodward and Hughes, 2011) probably
caused the extinction of most of the populations in the basin leading
to the disappearance of some ancestral haplotypes. However, some
populations present in the warmer parts of Northern Africa would
have survived during these glacial events. During the ensuing inter-
glacial periods, loggerhead turtles might have recolonised the Eastern
Mediterranean, only to become extinct in most of the new nestinggrounds with the last glacial maximum. Nevertheless, the presence
of haplotype CC-A6.1 in Western Greece and haplotypes CC-A3.2
and CC-A52.1 in Eastern Turkey indicates that these populations
might have survived at least the most recent glacial peak. Conse-
quently, the northern part of the Eastern Mediterranean and Western
Peloponnese seems to have acted as warm refugia for marine species
at that time, as has already been suggested for ﬁshes (Domingues
et al., 2008). This hypothesis could explain the genetic structure
currently seen in Turkey, with a strong westward decline in haplo-
type diversity and a high variability in the frequency of CC-A3.1
between adjoining sites.
The existence of the highest frequencies of unique haplotypes in
Libya and Eastern Turkey suggests that Western Greece probably was
less suitable than the Libyan and Turkish coasts as a refugium. This
may be explained by Libya and Eastern Turkey presenting a wider
continental shelf which allowed a gentle progression of nesting beaches
when the sea level decreased during glacial periods (Patarnello et al.,
2007). Conversely, off the coast of Greece (Peloponnese), the continen-
tal shelf is much narrower which resulted in major redistribution of
beaches and loss of many suitable nesting sites due to sea level ﬂuctua-
tions. This can be corroborated by the results found in our study, show-
ing a strong correlation between the nucleotide diversity, width of the
continental shelf and sea surface temperature in each of these refugia.
Thus, the presence of warmer temperatures and wider continental
shelves off Libya and Eastern Turkey could explain the high genetic
variability found in these two areas. According to this correlation,
Egypt could also be a potential refugium, but its population was deplet-
ed during the ﬁrst half of the 20th century due to direct exploitation
(Nada and Casale, 2010; Sella, 1982). It is worth noting that currently,
the largest rookeries in the Mediterranean are found at these potential
refugia (Libya, Turkey and Western Greece; Fig. 1). However, this
could be an artefact since population sizes in the easternmost
Mediterranean rookeries (Israel and Lebanon) have notably changed
in the past centuries due to human impacts such as ﬁshing, direct
exploitation and beach excavations (Sella, 1982).
The evolutionary hypothesis presented above is in accordance with
previous studies suggesting that populations of several species of ma-
rine turtles survived glacial periods in warm refugia worldwide. Reece
et al. (2005) found that Mexico, South Florida and the Caribbean may
have acted as Pleistocenic refugia for Western Atlantic populations of
loggerhead turtles during the climate depression at the Pliocene–
Pleistocene border. Green (Chelonia mydas) and hawksbill (Eretmochelys
imbricata) turtles also suffered some population contractions (Reece
et al., 2005) and equatorial regions such as Brazil and Guinea Bissau
have been proposed as Pleistocenic refugia for Atlantic green turtles
(Encalada et al., 1996). Of all sea turtle species, the leatherback turtle
(Dermochelys coriacea) may have been the most deeply affected by cli-
mate ﬂuctuations, since it is the only species that extensively feeds at
high latitudes (James and Mrosovsky, 2004). Nonetheless, it has been
suggested that leatherbacks might have survived in the Indian-Paciﬁc
during the early Pleistocene to later recolonise the Atlantic, with a subse-
quent genetic bottleneck (Dutton et al., 1999).
Currently, loggerhead turtles from the Atlantic rookeries abound
in the Western Mediterranean (Carreras et al., 2006), where sea
surface temperatures are high enough to allow them to forage year
round (Revelles et al., 2007a). Some Atlantic individuals even venture
into the Eastern Mediterranean, but they are scarce there (Carreras
et al., 2006; Casale et al., 2008; Maffucci et al., 2006). Young logger-
heads from the Atlantic rookeries reach Western Europe after drifting
passively in the Gulf Stream and some may spend several years in the
Mediterranean before returning to the Atlantic (Revelles et al.,
2007b). This process certainly operated during the Pleistocene and
allowed loggerheads to colonise the Mediterranean. However, during
the cold phases of the Pleistocene, the sea surface temperature in the
Western Mediterranean might have been too low (Thiede, 1978) to
allow loggerheads to use it even as a foraging ground. This means
that any gene ﬂow between the Atlantic and the Mediterranean
populations, mediated by dispersal of turtles from the Atlantic
populations, was interrupted during the cold phases of the Pleistocene
thus leading to an increased genetic differentiation between theMediter-
ranean and Atlantic populations. The gene ﬂow and the colonisation
events were probably restored in the following warm phase when the
Western Mediterranean again became a suitable feeding ground for
Atlantic loggerheads. However, contemporary gene ﬂow rates appear to
be insufﬁcient to genetically homogenise the two areas (Carreras et al.,
2011).
The presence of haplotype CC-A20.1 in Calabria could behomoplasic,
as previously discussed, but may also reveal a new colonisation event
from the Atlantic that occurred during the Holocene. This could explain
why this Atlantic haplotype is found exclusively in the most regularly
visited westernmost nesting site in the Mediterranean. If this hypothe-
sis is true, the current genetic structure of loggerhead turtles in the
Mediterranean would be the result of at least two independent coloni-
sation events. One taking place ca. 65,000 years ago (20,000–200,000)
and a recent one 15,000 years ago (5000–50,000) combined with
local extinction and re-colonisation through the expansion of individ-
uals from a few refugia following climatic ﬂuctuations.
4.3. Conservation implications
Loggerhead turtles nesting in the Mediterranean are considered
an independent regional management unit (Wallace et al., 2010)
with highly reduced gene ﬂow with other populations in the North
Atlantic (Carreras et al., 2011). The rookeries within this regional
management unit generally exhibit stable abundance with high
genetic diversity. However, under a relatively high degree of threat
due to human activities, these populations could decline in the future
if threats are not abated (Wallace et al., 2011). The main humanactivities impacting loggerhead turtles in the region are incidental
bycatch and beach loss due to tourism development. Furthermore,
direct take of immatures and adults is still a problem in some coun-
tries (Casale and Margaritoulis, 2010). Although the impact of these
activities should be reduced everywhere, careful planning is neces-
sary to guarantee that the conservation actions have positive impacts
on the target populations. For instance, reducing the high levels of
bycatch by bottom trawlers operating in the Adriatic sea (Casale
et al., 2004) or off Tunisia (Casale et al., 2008) will certainly beneﬁt
the Mediterranean management unit. However, the actual relevance
of such a hypothetical reduction for each of the four major groups
of rookeries in the region (Libya, Dalaman and Dalyan, Calabria and
the rest of the rookeries) could only partially be anticipated with
the data previously available (Casale et al., 2008; Maffucci et al.,
2006). The data presented here will dramatically improve the resolu-
tion of mixed stock analysis (Carreras et al., 2006; Saied et al., 2012)
for feeding grounds and hence will allow conservationists to indentify
which rookeries will most likely beneﬁt from reducing bycatch at
particular feeding grounds or with a particular type of ﬁshing gear.
The consequences of global warming are also a matter of concern,
as direct impacts on marine turtles come from the ﬂooding of nesting
beaches due to the rise in sea level (Baker et al., 2006) and altered sex
ratios because of the temperature-dependent sexual determination of
these species (Hawkes et al., 2009). Marine turtles have adapted to
previous climate ﬂuctuations (Dutton et al., 1999; Encalada et al.,
1996; Reece et al., 2005; this study), but they will have much lower
chances in the context of the highly human-modiﬁed Mediterranean
Sea. As temperature increases, some loggerhead populations are
expected to expand northwards, colonising areas currently too cold
for reproduction. However, most of the coastline in the northern
shore of the Mediterranean has been intensely developed by the tour-
ism industry and few places remain suitable for the nesting of logger-
head turtles. Furthermore, total beach surface will decrease as the sea
level rises and buildings, roads and other infrastructures impede
beaches moving inland. In this context, competition between the
tourism industry and nesting loggerhead turtles will increase, with
uncertain results for loggerhead turtles.
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